Abstract A method for producing nanoparticles composed of silver and copper and a metal-metal bonding technique using the silver/copper nanoparticles are proposed. The method consists of three steps. First, copper oxide nanoparticles are produced by mixing Cu(NO 3 ) 2 aqueous solution and NaOH aqueous solution. Second, copper metal nanoparticles are fabricated by reducing the copper oxide nanoparticles with hydrazine in the presence of poly(vinylpyrrolidone) (PVP). Third, silver/copper nanoparticles are synthesized by reducing Ag ? ions with hydrazine in the presence of the copper metal nanoparticles. Initial concentrations in the final silver/copper particle colloid, composed of 0.0075 M Cu 2? , 0.0025 M Ag ? , 1.0 g/L PVP, and 0.6 M hydrazine, produced silver/copper nanoparticles with an average size of 49 nm and a crystal size of 16.8 nm. Discs of copper metal were successfully bonded by the silver/copper nanoparticles under annealing at 400°C and pressurizing at 1.2 MPa for 5 min in not only hydrogen gas but also nitrogen gas. The shear force required to separate the bonded discs was 22.3 MPa for the hydrogen gas annealing and 14.9 MPa for the nitrogen gas annealing (namely, 66.8 % of that for hydrogen gas annealing).
Introduction
Metal-metal bonding is an important process in fields such as electronics, metalworking, structural materials, and materials science (Guo et al. 2015; Tyler 2015) . Solder, aka filler, is often used in various metal-metal bonding processes (mainly in the field of electronics). Alloys composed mainly of lead and tin are representative fillers used in conventional solder-based bonding techniques (Basaran and Jiang 2002; Gomez and Basaran 2006; Iqbal et al. 2014) . They have low melting points, so they can bond materials to be bonded at low energy with no thermal damage to the joints. Since lead is a harmful material Rödel et al. 2015) , its use tends to be limited. Accordingly, most fillers should be lead free. As lead-free fillers, tin-based alloys have been developed (Lu et al. 2014; Kotadia et al. 2014; Yu et al. 2014; Belyakov and Gourlay 2015) . However, these alloys have low melting points, so they remelt at relatively low temperatures (above their melting point), thereby breaking the joints they form.
Apart from lead-based alloy and tin-based alloy, metallic materials such as gold, silver, and copper are candidates as fillers, because of their high electrical conductivity and thermal conductivity. However, metal-metal bonding with such metallic fillers requires annealing at high temperature, because their melting points are significantly higher than those of conventional lead-based and tin-based fillers. This annealing causes exposure of the metallic fillers present in the joints to the high temperature during the bonding, thereby damaging the joints thermally.
Nanoparticles of metals solve the problem related to their melting point, since their melting point decreases as their size decreases (Das and Ghosh 2015; Sun et al. 2015) ; consequently, metal-metal bonding can be performed at low temperatures. Bonding using metal nanoparticles has another advantage: the nanoparticles become metal bulk after the bonding. The metal bulk should have a melting point higher than that of the nanoparticles. As a result, the bonded materials do not separate when used below their melting points. From this viewpoint, nanoparticles of various metal have been examined with the aim of applying them to bonding Daly et al. 2015) . Silver metal nanoparticles (silver nanoparticles) have been intensively focused on, because silver metal is electrically and thermally conductive as well as being chemically stable. Though silver nanoparticles achieve adequate bonding, the bonding process using the silver nanoparticles faces problems of high cost and ionic migration of silver atoms.
Copper metal nanoparticles (copper nanoparticles) are also a candidate for metal nanoparticle filler, because copper metal does not incur great cost and is superior in terms of anti-ionic migration to silver metal. However, copper nanoparticles are easily oxidized in air (Park et al. 2007; Kanninen et al. 2008) , thereby spoiling bonding properties. To solve that problem, our research group previously developed methods for fabricating chemically stable copper metal particles. That is, the particles were produced by reducing Cu 2? (Kobayashi et al. , 2013a or copper oxide nanoparticles (Maeda et al. 2012; Kobayashi et al. 2014) in aqueous solution in the presence of stabilizer. The fabricated copper particles had excellent metal-metal bonding ability. The bonding was performed in a reducing atmosphere to prevent the copper particles from being oxidized. Concerning safety, the use of a reducing atmosphere makes the bonding process complicated. Accordingly, from the viewpoint of a safe bonding process, atmospheres such as air and nitrogen gas are preferable.
As for metal-metal bonding using silver nanoparticles, the process does not always use a reducing atmosphere. Successful bonding is achieved thanks to the chemical stability of silver metal. It can thus be expected that nanoparticles composed of copper particles and silver particles can be used as a new nanoparticle filler for metalmetal bonding in a non-reducing atmosphere without the effect of ionic migration.
In the present work, a method for producing silver/copper nanoparticles for metal-metal bonding is proposed. The nanoparticles are prepared by reducing CuO nanoparticles to copper nanoparticles, and then reducing Ag ? ions in the presence of the copper nanoparticles in aqueous solution. Their bonding properties in atmospheres such as hydrogen gas and nitrogen gas were also studied. ([98.0 %) was used as a reducing reagent for metal ions. All chemicals were purchased from Kanto Chemical Co., Inc., and were used as received. Water that was ion-exchanged and distilled with Yamato WG250 was used in all the preparations, and it was deaerated by bubbling with nitrogen gas for 30 min prior to prepare aqueous solutions.
Preparation
A silver/copper nanoparticle colloid was prepared by the following procedure: (1) production of copper oxide nanoparticles, (2) reduction of the copper oxide to copper metal, and (3) reduction of Ag ? ions in the presence of copper nanoparticles. In the first step, the copper oxide nanoparticle colloid was prepared by metal salt-base reaction. An aqueous solution of NaOH was added to Cu(NO 3 ) 2 aqueous solution under vigorous stirring at 80°C. Initial concentrations of Cu 2? and NaOH in the final copper oxide nanoparticle colloid were 0.010 and 0.019 M, respectively. The reaction time was 3 h. In the second step, the copper nanoparticle colloid was prepared by adding an aqueous solution of PVP and hydrazine in turn to the copper oxide nanoparticle colloid under vigorous stirring at 40°C. Initial concentrations of Cu 2? ions, hydrazine, and PVP in the final copper nanoparticle colloid were 0.9375, 0.5625 M, and 1.25 g/L, respectively. The reaction time was 15 min. The silver/copper nanoparticle colloid solution was obtained in the third step. An aqueous solution of AgNO 3 and hydrazine was added to the as-prepared copper nanoparticle colloid under vigorous stirring at 40°C, and the vessel containing the colloid was shaded with aluminum foil. Silver content in the silver/copper nanoparticle colloid was adjusted to 0, 25, 50, 75, and 100 mol % by varying the amounts of copper nanoparticle colloid and aqueous solution of AgNO 3 . The silver/copper nanoparticles with the silver contents were indicated as Ag 0 Cu 100 (i.e., copper), Ag 25 Cu 75 , Ag 50 Cu 50 , Ag 75 Cu 25 , and Ag 100-Cu 0 (i.e., silver), respectively. Initial concentrations of metal (Cu 2? ?Ag ? ), hydrazine, and PVP in the final silver/copper nanoparticle colloid were 0.01 M, 0.6 M (total hydrazine concentration), and 1.0 g/L, respectively. The reaction time was 165 min.
Characterization
The nanoparticles were characterized by transmission electron microscopy (TEM), X-ray diffractometry (XRD), and X-ray photoelectron spectroscopy (XPS). TEM was performed with a JEOL JEM-2100 microscope operating at 200 kV. Samples for TEM were prepared by dropping and evaporating the particle colloid on a collodion-coated molybdenum grid. XRD measurements were carried out with a Rigaku Ultima IV X-ray diffractometer at 40 kV and 30 mA with CuKa 1 radiation. For preparing powder samples for the XRD measurements, the supernatant of the particle colloid was removed with decantation, and then residue of the colloid solution was dried at room temperature for 24 h in vacuum. The XPS spectra were obtained using a JEOL JPS-9010 equipped with a monochromatic Mg Ka radiation source (200 W, 10 kV, 1253.6 eV). The XPS samples were the same as the XRD samples. To study the composition below the surface of the powder samples, the particles were etched using 500-kV Ar ? -ion sputtering. To clean the surface of the nanoparticles, etching was performed once prior to the main measurements.
The bonding property of the fabricated nanoparticles was investigated with the same set-up as used in our previous works (Yasuda et al. 2009; Kobayashi et al. 2011; Maeda et al. 2015) . The powder samples, obtained in the same procedure as used for the XRD measurements, were sandwiched between a large copper disc (diameter: 10 mm; thickness: 5 mm) and a small disc (diameter: 5 mm; thickness: 2.5 mm) and pressed under annealing at 400°C in hydrogen gas or nitrogen gas at 1.2 MPa for 5 min with a Shinko Seiki vacuum reflow system. To examine bonding strength, shear strengths, namely, the force required to separate the bonded plate and stage, were measured with a Seishin SS-100KP bond tester. The disc surfaces were characterized by scanning electron microscopy (SEM) after the shear strengths were measured. SEM was performed with a JEOL JSM-5600LV microscope operating at 15 kV.
Results and discussion
Silver/copper nanoparticles TEM images of the prepared silver/copper nanoparticles are shown in Fig. 1 . All the particles appear somewhat distorted. Figure 2 shows particle size distributions of the particles, which were measured in the TEM images. In all the particles examined, the particle sizes were distributed in a wide range. They are not mono-dispersed. The average particle sizes were estimated from the distributions. The sizes of the Ag 0 Cu 100 , Ag 25 Cu 75 , Ag 50 Cu 50 , Ag 75 Cu 25 , and Ag 100 Cu 0 nanoparticles are 90 ± 16, 49 ± 14, 65 ± 12, 43 ± 16, and 65 ± 18 nm, respectively. The nanoparticles containing silver are smaller than the copper nanoparticles (i.e., the nanoparticles containing no silver) and the silver nanoparticles (i.e., the nanoparticles containing no copper). The co-existences of silver ions and copper nanoparticles are considered to control particle growth. The silver ions were present among the nanoparticles, which decreased collision frequency of the nanoparticles. As a result, the particle growth was controlled.
An XRD pattern of the Ag 0 Cu 100 nanoparticles is shown in Fig. 3a . Peaks appear clearly at 43.3, 50.4, and 74.1 degrees, and they are attributed to the (110), (111), and (200) reflections of cubic copper (JCPDS card No. 4-0836), respectively. Their average crystal size (14.8 nm) was estimated from X-ray diffraction line broadening of the (111) peak according to the Scherrer equation. The particle size is larger than the crystal size, which indicates that the Ag 0 Cu 100 particles are polycrystalline. A slight peak also appears at 36.4 degree, which is assigned to the (111) reflection of cubic Cu 2 O (JCPDS card No. 5-0667). XRD patterns of the silver/copper nanoparticles are shown in Fig. 3b-d . Besides the peaks due to cubic copper metal, peaks appear at ca. 38,1, 44.3, 64.4, and 77.5 They are assigned to the (111), (200), (220), and (311) reflections of cubic metallic silver (JCPDS card No. 4-0783), respectively. This result indicates that both Ag ? and Cu 2? ions can be reduced with the present method. The crystal sizes of copper and silver were estimated by applying the Scherrer equation to the (111) cubic metallic copper peak and the (111) cubic metallic silver peak, respectively. The copper crystal sizes for Ag 25 Cu 75 , Ag 50 Cu 50 , and Ag 75 Cu 25 are 16.8, 14.8, and 13.6 nm, respectively. For silver, the sizes are 11.7, 14.8, and 13.6 nm, respectively. The particle sizes are also larger than the crystal sizes. Accordingly, the Ag 25 Cu 75 particles, Ag 50 Cu 50 particles, and the Ag 75 Cu 25 particles are considered to also be polycrystalline. The copper crystal size of the copper nanoparticles and that of the nanoparticles containing silver are not significantly different. In other words, the co-existence of silver ions does not remarkably affect the copper crystal size. An XRD pattern of the Ag 100 Cu 0 nanoparticles is shown in Fig. 3e . Peaks assigned to the (111), (200), (220), and (311) reflections of cubic metallic silver appear at 38.4, 44.3, 64.4, and 77.5, respectively. The silver crystal size was estimated as 23.4 nm. Since the particle size is also larger than the crystal size, the silver particles formed polycrystallite. The silver crystal size of 23.4 nm was larger than those of Ag 25 Cu 75 , Ag 50 Cu 50 , and the Ag 75 Cu 25 . This result indicates that the co-existence of copper particles controls the crystal growth of silver. The TEM observation Appl Nanosci (2016) 6:883-893 885 ( Fig. 1) suggests that particle growth is controlled by the co-existence of copper particles. The Ag ? ions are reduced to form silver metal nuclei, which form silver crystallites and particles directly. In the cases of co-existences of copper particles, the silver nuclei are also deposited on the surface of the copper nanoparticles. This deposition probably prevents the direct formation of silver crystallites and nanoparticles, because of the mismatch between d values of silver and copper. As a result, in the case of the nanoparticles containing silver, the growth of silver crystallites and silver nanoparticles is controlled.
The XRD peak position of copper does not shift remarkably with increasing silver content. In contrast, that of silver shifts to a small angle with increasing silver content. The d values of copper and silver in silver/copper nanoparticles are summarized in Table 1 . The d values for copper are almost constant (at ca. 0.2076 nm) in the silver content range of 0-75 mol %: the components of the copper nanoparticles did not change even in co-existence with silver ions. The d value for silver tends to increase from 0.2343 to 0.2352 nm with increasing silver content from 25 to 100 mol %: the d value became apart from that of copper-free silver nanoparticles with the increase. This tendency indicated that the copper was incorporated into the silver nanoparticles to form silver-rich silver/copper alloy.
Cu 2p 3/2 XPS spectra of samples of Ag/Cu nanoparticles after several etchings are shown in Fig. 4 . Each etched (Mansikkamäki et al. 2006; Ghodselahi et al. 2008; Luo et al. 2015) . It has been confirmed by some works performing Auger spectroscopy that the binding energy of Cu 0 -Cu 0 is higher than that of Cu ? -O (Ren et al. 2004) . Accordingly, the peak position is considered to increase with increasing amount of Cu 0 -Cu 0 . In consideration of the possible assignments of peak positions for these bonds, the XPS spectra were fitted with a Gaussian peak using peak position, peak intensity, and FWHM (full width at half maximum) as fitting parameters. The curve-fitting gave binding energies of 932.5, 932.7, and 933.8 eV. According to the references (Ghodselahi et al. 2008; Plackowski et al. 2013) -O bonds are speculated to form fine domains, which are too small to be detected by XRD. The intensity of spectrum due to the Cu 0 -Cu 0 bond became large with the increasing number of etchings. This change in the intensity provided the increase in peak position. Atomic ratios of bonds estimated from the XPS peak area intensity are shown in Fig. 6 . Ratios of the Cu ? -O, Cu 0 -Cu 0 , and Cu 2? -O bonds decrease, increase, and are almost constant, respectively, as etching time increases. These results indicate that the copper on the surface of the silver/copper nanoparticles is oxidized. Ag 3d 5/2 XPS spectra of the Ag/Cu nanoparticles after etching are shown in Fig. 7 . Each etched sample shows a clear peak. XPS peak position is plotted as a function of number of etchings in Fig. 5 . The peak position is 368.04 eV after one etching number, increases to 368.07 eV after two etchings, and almost levels out after two etchings. According to references (Palacio et al. 2003; Gao et al. 2004; Prieto et al. 2012) , the peak positions of Ag ? -O and Ag 0 -Ag 0 are 374.1 and 368.1 eV, respectively; The order of binding energy is Ag
The increase and the level-off indicated that the silver contained on the surface of the nanoparticles is slightly oxidized. It is thus concluded from these results that the Ag/Cu nanoparticles are composed of a body of copper and silver and a thin oxide surface.
Metal-metal bonding property

Bonding in hydrogen gas
Photographs of large copper discs after bonding in hydrogen gas and tested to measure their shear strength are shown in Fig. 8 . The surfaces of both the copper nanoparticles and the silver/copper nanoparticles are brown. The brown surfaces appear to be derived from the bulk composed of copper metal. These observations imply that the nanoparticles are composed of bulk metal phase with no oxidation and contribute to bonding of the copper discs. Most of the silver nanoparticles are not left on the surface of the Ag 100 Cu 0 nanoparticles, implying that the affinity between the copper disc surface and the silver nanoparticles is weak and contributes little to the bonding. Shear strength is plotted as a function of silver content in the nanoparticles in Fig. 9black dots. In the case of all the silver contents, shear strength exceeds 20 MPa, and it tends to decrease slightly with increasing silver content. Since the d values of copper and silver do not match, the nanoparticles with large silver contents do not effectively contribute to the bonding of the copper discs. SEM images of the surface of the copper stage after the measurement of shear strength are shown in Fig. 10 . Dimples accompanied with sharp tips appear on the surfaces of the copper discs bonded with the Ag 0 Cu 100 and the Ag 25 Cu 75 nanoparticles. Metallic materials often form such dimples in strongly bonded regions when they are separated with shear stress (Yan et al. 2013; Kobayashi et al. 2013b ). These observations of dimples support the existence of strong bonding. As for the Ag 50 Cu 50 , the Ag 75 Cu 25 , and the Ag 100 Cu 0 nanoparticles, dimples were not clearly observed. Sintering among the nanoparticles appeared to take place. It is considered to contribute to the bonding, although the shear strengths of these bonded discs are not as high as those of the other bonded discs for Ag contents of 0 and 25 mol %, at which the dimples were produced. 
Bonding in nitrogen gas
Photographs of large copper discs after bonding in nitrogen and measurement of shear strength are shown in Fig. 11 . As for the nanoparticles containing copper, the surfaces are dark brown, and the color tones are darker than those of the copper disks bonded in hydrogen. In particular, the tone is the darkest for 0 mol % (Ag 0 Cu 100 nanoparticles). These observations indicate that the copper in the nanoparticles is oxidized to a certain extent. As for the silver nanoparticles, some objects with a color of not black but white are present on the surface. This observation implies that the chemical stability of silver makes it possible to form metallic bulk phase with no oxidation and possibly contributes to bonding of metallic copper discs. Shear strength is plotted against silver content in the nanoparticles in Fig. 9 white dots. At 0 mol %, shear strength is 5.0 MPa, which increases to 14.9 MPa with increasing silver content to 25 mol %. It is noted that the metal-metal bonding in nitrogen gas (in contrast to hydrogen gas) was achieved using the nanoparticles with copper content as high as 75 mol % (silver content of 25 mol %) or using the nanoparticles whose main component was copper. According to the XRD measurements, the copper component formed the silver/copper alloy. The formation of silver/copper alloy is considered to control oxidation of the silver/copper nanoparticles; Silver, which is chemically stable in metallic state, may reduce partially oxidized particle surface. As a result, the copper discs are strongly bonded at 25 mol % of silver with no oxidation. The shear strength decreases to 6.6 and 6.4 MPa when silver content increases to 50 and 75 mol %, respectively. The mismatch in the d values of copper and silver probably deteriorates the bonding of copper. In contrast, shear strength increases to 15.4 MPa when silver content increases to 100 mol %. In spite of the mismatch of d values, the Ag 100 Cu 0 nanoparticles showed shear strength of 15.4 MPa. As for strong bonding, the oxidation of copper in the nanoparticles and the mismatch are probably compensated by the chemical stability of silver. SEM images of the surface of the copper stage after the measurement of shear strength are shown in Fig. 12 . Sintering of nanoparticles was observed on all the copper-disc surfaces, although dimples were not formed. These observations indicate that the Fig. 9 Shear strengths vs. silver content in silver/copper nanoparticles. The bonding was performed in (filled circle) hydrogen gas and (open circle) nitrogen gas copper discs were adequately bonded, although the shear strengths were lower than those in the case of bonding in hydrogen gas.
Conclusion
Silver/copper nanoparticles composed of metallic copper phase and silver-rich silver/copper phase were synthesized by reducing Ag ? ions in aqueous solution in the presence of the copper nanoparticles fabricated by reducing CuO nanoparticles. Silver/copper nanoparticles with average size of 49 nm and crystal size of 16.8 nm were fabricated by adjusting initial concentrations to 0.0075 M Cu 2? , 0.0025 M Ag ? , 1.0 g/L PVP, and 0.6 M hydrazine. XRD measurements indicated the formation of silver/copper alloy phase. XPS measurements revealed that the surfaces of the nanoparticles are slightly oxidized but their bulk is metallic. The silver/copper nanoparticles bond the copper discs bonded when they are pressed between the discs under annealing at 400°C at 1.2 MPa in not only hydrogen gas but also nitrogen gas. As for the hydrogen gas, a shear Appl Nanosci (2016) 6:883-893 891 force of 22.3 MPa was required to separate the bonded discs. The shear strength was 14.9 MPa even for nitrogen gas, which is 66.8 % of that for hydrogen gas. The formation of silver/copper alloy is considered to provide successful metal-metal bonding in nitrogen gas.
